Abstract Anthropogenic aerosols and urban land cover change induce opposite thermal effects on the atmosphere near surface as well as in the troposphere. One can think of these anthropogenic effects as composed of two parts: the individual effect due to an individual anthropogenic forcing and the nonlinear effects resulting from the coexistence of two forcing factors. In this study, we explored the role of such nonlinear effects in affecting East Asian climate, as well as individual forcing effects, using the Community Atmosphere Model version 5.1 coupled with the Community Land Model version 4. Atmospheric responses were simulated by including anthropogenic aerosol emission only, urban cover only, or the combination of the two, over eastern China. Results showed that nonlinear responses were different from any effects by an individual forcing or the linear combination of individual responses. The nonlinear interaction could generate cold horizontal temperature advection to cool the troposphere, which induced anomalous subsidence along the Yangtze River Valley (YRV). This anomalous vertical motion, together with a weakened low-level southwesterly, favored below-normal (above-normal) rainfall over the YRV (southern China), shifting the spring rain belt southward. The resultant diabatic cooling, in turn, amplified the anomalous descent and further decreased tropospheric temperature over the YRV, forming a positive feedback loop to maintain the nonlinear effects. Consequently, the nonlinear effects acted to reduce the climate anomalies from a simple linear combination of two individual effects and played an important role in regional responses to one anthropogenic forcing when the other is prescribed.
Introduction
Human activities, including greenhouse gas emission, anthropogenic aerosol emission, and land use/land cover change (LUCC), have attracted great attention as these anthropogenic effects may contribute to climate changes at different spatial and temporal scales [Fu and Yuan, 2001; Menon et al., 2002; Held and Soden, 2006; Findell et al., 2007; Pielke et al., 2007; Randles and Ramaswamy, 2008; O'Gorman and Schneider, 2009; Zhang et al., 2011; Mahmood et al., 2014; Ocko et al., 2014; Pendergrass and Hartmann, 2014] . In contrast to greenhouse gases with global uniformity, anthropogenic aerosol emission and LUCC exhibit more regional features. The densely populated eastern China, as one of the crucial economic regions, has experienced a rapid urbanization in recent years, characterized by exacerbated anthropogenic aerosol emission and accelerated urban land use. It has become one of the most significant and representative areas in the world for the coexistence of these two forcing factors. may play a dominant role in recent decadal weakening of the lower tropospheric EASM circulation [Song et al., 2014] . However, spatial distribution of aerosol-induced effects on summer rainfall changes over East Asia is not well known [Menon et al., 2002; Gu et al., 2006; Zhang et al., 2009] . Aerosols persist for a relatively longer duration in the boreal spring because wet deposition is at its minimum due to less rainfall in the Northern Hemisphere before the summer monsoon onset . Thus, the resultant thermodynamic and dynamic responses act to cool the troposphere and weaken the East Asian subtropical jet stream (EASJ), suppressing the East Asian spring rainfall, which probably contributes to the observed reduced trend of the spring rainfall in East Asia [Kim et al., 2007; Lee and Kim, 2010; Hu and Liu, 2013] . Furthermore, Deng et al. [2014] suggested that the spring persistent rain over eastern China is largely reduced due to anthropogenic aerosols, accompanied by a southward shift of the EASJ in the upper troposphere and a weakened southwesterly wind over southern China in the lower troposphere.
Urban cover, namely, urban land surface forcing in this study, is an extreme form of LUCC; it can alter surface albedo and increase surface roughness to affect the balance of surface energy budget, resulting in heat and water exchanges between the surface and upper layers [Charney et al., 1977; Chase et al., 1996; Eastman et al., 2001; Foley et al., 2005; Lin et al., 2007] . Urban heat island effect has been well estimated based on observational data [Kalnay and Cai, 2003] , especially in different urban regions over China [Zhou et al., 2004; Ren et al., 2008; Yang et al., 2011 Yang et al., , 2013 Ren and Zhou, 2014] . In addition to the surface warming effect, many previous studies also focused on synoptic and climatological rainfall changes due to urbanization [Lei et al., 2008; Miao et al., 2011; Shepherd et al., 2010; Niyogi et al., 2011; Shepherd, 2013; . Kishtawal et al. [2010] found obviously increased frequency of heavy rainfall and less occurrence of light rainfall over urban regions during the Indian summer monsoon. Impacts of urbanization on local or regional climate have also been widely simulated using the Weather Research and Forecasting (WRF) model coupled with the Urban Canopy Model, with a focus on metropolitan areas of China [Zhang et al., 2010; Feng et al., 2012; Wang et al., 2012; Yang et al., 2012; Feng et al., 2015] . The simulated urban warming is consistent with the observations. The cause is the readjustment of surface energy balance. However, urbanization-induced summer rainfall changes are not well understood. For example, summer rainfall was significantly suppressed in the Yangtze River Delta according to Wang et al. [2012] , but increased summer rainfall by~15% over urban or leeward areas in the same region was found by Zhang et al. [2010] . Recently, large-scale circulation responses to urban land surface forcing in East Asia have drawn more and more attention. Utilizing a global climate model (Community Atmosphere Model version 4.0; CAM4.0), Chen and Zhang [2013] concluded that ideally large-scale urban expansion tends to weaken the East Asian winter monsoon. Using a regional climate model, Shao et al. [2013] simulated a weakened southwesterly wind over southern China in summer due to largescale urban expansion. This weakening of the EASM induced by urban cover was further confirmed by Ma et al. [2015] using an atmospheric general circulation model (AGCM), namely, the Community Atmosphere Model version 5.1 (CAM5.1). Chen et al. [2015] pointed out that the responses of the EASM to large-scale urbanization displayed pronounced subseasonal changes. Studies concerning the effect of urban cover on East Asian spring climate are limited. Deng and Xu [2015a] evaluated possible atmospheric responses to idealized urban land surface forcing during the boreal spring; they found that large-scale urban cover acts to weaken the prevailing southwesterly wind over southern China and shift the spring rain belt southward.
From the studies mentioned above, we can see that atmospheric responses to anthropogenic aerosols over eastern China share some similar features with the responses to urban land surface forcing during the boreal spring and summer. demonstrated that urban cover and anthropogenic aerosols exert opposite influences on a heavy rainfall event over Beijing urban area using the WRF model. Our previous findings have confirmed the nonlinear effects on the EASM due to the interaction between these two forcing factors [Deng and Xu, 2015b] . Do the nonlinear effects exist during the boreal spring as well? In this study, the CAM5.1 coupled with the Community Land Model version 4 (CLM4) is employed to investigate the nonlinear responses of East Asian spring climate to the coexistence of anthropogenic aerosol and urban land surface forcing from March to May (MAM). Toward this goal, a series of numerical experiments are performed using various prescribed anthropogenic forcing, including individual forcing and combined forcing factors. The rest of this paper is organized as follows. The methodology used in this study is given in section 2, including a brief description of the model, experimental design, model validation, and how to isolate the nonlinear effects. Section 3 covers individual and combined effects of anthropogenic aerosol and urban land surface forcing on the spring climate. Effects of each individual forcing under nonlinear effects of both forcing factors are discussed in section 4. Discussion is given in section 5, including the possible physical mechanism behind the nonlinear effects. Section 6 presents a summary.
2. Methodology 2.1. Model Description CAM5.1 serves as the atmosphere component of the Community Earth System Model version 1.0.3 (CESM1.0.3), released in 2011 by the National Center for Atmospheric Research. It can simulate fairly realistic atmospheric circulations when observed sea surface temperature (SST) and sea ice are prescribed. In particular, CAM5.1 provides a three-mode version of the modal aerosol module for long-term climate simulation, including the Atiken mode, accumulation mode, and coarse mode . Thus, the optical property of aerosols is well described in CAM5.1, while particle distribution and number concentration are calculated for better simulation of direct and indirect effects of aerosols. Additionally, anthropogenic aerosol emissions in CAM5 come from Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment Report (AR5) emission data set [Lamarque et al., 2010] , including black carbon, organic carbon (OC), and sulfur (SO 2 and sulphate) aerosol emissions. More details on CAM5.1 can be found in Neale et al. [2010] .
CLM4 is the land component of the CESM1.0.3 [Oleson et al., 2010; Lawrence et al., 2011 Lawrence et al., , 2012 . Spatial land surface heterogeneity in CLM4 is present as a nested subgrid structure, in which grid cells are composed of multiple land units including vegetated, glacier, wetland, lake, and urban. In particular, the Community Land Model Urban parameterization has been incorporated into CLM4, in which urban component is configured as "urban canopy" [Oke, 1987] described by building height and street width. Each urban land unit is represented as roof, wall, and canyon floor. As such, six main energy balance processes can be simulated: (1) absorption and reflection of solar radiation; (2) absorption, reflection, and emission of longwave radiation; (3) momentum, storage, sensible heat, and latent heat fluxes; (4) anthropogenic heat flux due to waste heat from building heating/air conditioning; (5) heat transfer through roofs, building walls and roads; and (6) hydrology [Oleson et al., 2008a [Oleson et al., , 2008b .
Experimental Design
CAM5.1 and CLM4 used in this study have a horizontal resolution of 1.9°× 2.5°(latitude by longitude) and a hybrid vertical coordinate with 30 levels, including a rigid lid at 3.643 hPa. The model is run with the climatological monthly mean SST from 1986 to 2005 as its surface boundary condition. Table 1 lists the numerical experiments used in this paper. Following Deng and Xu [2015b] , in the first experiment (the reference run; labeled as NOUA), anthropogenic aerosol emissions at the surface or in the troposphere over eastern China (100-125°E, 20-45°N) are all prescribed using the preindustrial level of year 1850. For example, modified OC emission is given in Figure 1a . In addition, urban cover fraction at each model grid is set to zero, replaced with the plant functional type (PFT) that dominates the grid cell (Figure 1b) . Note that surface albedo is also changed due to the modification of land units, which is calculated using various surface parameters at each model grid. Three anthropogenic forcing experiments are performed, including anthropogenic aerosol emission only (the anthropogenic aerosol forcing experiment, referred to as AERO), urban cover only (the urban land surface forcing experiment, referred to as URBN), and both anthropogenic aerosol emission and urban cover (the combined forcing experiment, referred to as BOTH). Anthropogenic aerosol emission and urban cover fraction of year 2000 are prescribed over eastern China either individually or as a combination in these three forcing experiments ( Figures 1c and 1d) ; these To explore the nonlinear responses of the East Asian spring climate in 1 × EXPT, one set of enhanced-forcing experiments is then carried out with both anthropogenic aerosol emission and urban cover fraction multiplied by a factor of 2.5 (2.5 × EXPT). The urban cover fraction at each grid cell in 2.5 × EXPT is limited to a maximum of 50%, while the other land units or PFTs are decreased accordingly. Note that each simulation in the enhanced-forcing experiments only includes one member, which is integrated for 25 model years with the same initial condition as the first member in NOUA. In addition, to consider the atmosphere-ocean feedback processes, another set of numerical experiments using CAM5.1 coupled with a slab ocean model (CAM5.1-SOM) is performed to examine the existence of nonlinear effects when model ocean is present; each experiment is integrated for 45 model years. For all the experiments, only the meteorological variables from the last 20 model years are stored as monthly means and analyzed.
Model Validation
Figures 2 compares the simulated MAM-mean atmospheric circulation and rainfall over East Asia in BOTH with the ERA-Interim reanalysis data [Dee et al., 2011] and the Global Precipitation Climatology Project (GPCP) data version 2 [Adler et al., 2003] . It can be clearly seen that CAM5.1 well captures the geographical distribution of East Asian atmospheric circulation and rainfall. During the boreal spring, the low-level southwesterly wind prevails over southern China along the northwest side of the western Pacific subtropical high (WPSH) that is located near 20°N, while the northwesterly wind from midlatitudes and high-latitudes dominates northern China; these two branches of airflows converge over the Yangtze River Valley (YRV) (near 30°N) (Figures 2a and 2b ). Meanwhile, a cyclonic circulation is formed along the southeast side of the Tibet Plateau, which is associated with the water 
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vapor transportation from the Bay of Bengal to southern China [Xin et al., 2006; Wan et al., 2009] . In the upper troposphere, the EASJ extends from East Asian continent to the western North Pacific, accompanied by the East Asian spring rainfall from southern China to the southwestern Pacific Ocean (Figures 2d and 2e ).
However, in comparison with the ERA-Interim and GPCP data, the model shows a stronger 850 hPa southerly wind over southern China associated with northward shifted WPSH and a relatively weaker 200 hPa EASJ ( Figure 2c ). As a result, the spring rain belt is shifted northward in BOTH, including excessive spring rainfall over northern and southwestern China and rainfall deficit over southeastern China ( Figure 2c ). Overall, CAM5.1 can reasonably reproduce the atmospheric features of East Asian spring climate in spite of some systematic biases; such biases are common in other AGCMs [Meehl et al., 2012; Sperber et al., 2013] . It was suggested that CAM5 has an improved global performance compared to CAM3/CAM4 [Park et al., 2014] , especially in terms of the spatial pattern and annual cycle of East Asian rainfall [ul Islam et al., 2013] , which gives us confidence to use this AGCM for investigating nonlinear responses of the East Asian spring climate to the two coexisting anthropogenic forcing factors.
Nonlinear Effect
In this study, the change of a given meteorological variable in response to any given anthropogenic forcing is derived by the difference between the anthropogenic forcing experiment and the reference experiment (Table 2) . When both anthropogenic aerosol and urban land surface forcing factors are included, their interaction may induce an effect different from the individual effects caused by having individual forcing alone. Thus, we define this nonlinear aspect of atmospheric responses as follows:
Nonlinear effect ¼ combined effect -aerosol effect -urbanization effect:
Individual Forcing Effect With and Without Nonlinear Interaction
Since the reference experiment (NOUA) in this study does not have the two anthropogenic forcing factors in eastern China, the aerosol or urbanization effects discussed in section 3 do not consider the nonlinear effect defined in section 2.4. On the other hand, atmospheric responses to one of the two anthropogenic forcing factors are usually simulated by an AGCM with the other forcing factor present [e.g., Deng et al., 2014; 
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10.1002/2015JD024377 Deng and Xu, 2015a; Chen et al., 2015; Ma et al., 2015] . In section 4, we examine the individual forcing effects with the presence of nonlinear effects of the two anthropogenic forcing factors. Specifically, the aerosol-induced responses that are evaluated by taking the difference of two experiments, namely, BOTH minus URBN, and the urban-forced changes that are obtained from BOTH minus AERO (cf. Table 2 ), involve nonlinear effects in the system. These differences allow us to compare these new results with previously published results regarding East Asian spring climatic responses to anthropogenic forcing, to identify clearly the nonlinear contributions. Thus, one can think of the individual forcing effect with the presence of nonlinear effects in section 4 as composed of two parts: one focusing on the effect of individual forcing alone and the other focusing on the nonlinear responses to the two coexisting anthropogenic forcing factors.
Responses of East Asian Spring Climate
Radiative Forcing and Air Temperature
Anthropogenic aerosols exert an influence on the shortwave radiation via absorption and reflection [Quaas et al., 2004; Chung and Seinfeld, 2005; Nakajima et al., 2007] so does urban land surface forcing via changing surface albedo [Trusilova et al., 2008; Feng et al., 2012; Wang et al., 2012] . Figure 3 compares changes in MAMmean surface net shortwave radiation (SNSR) with those in surface air temperature (SAT) over eastern China in different experiments. At first glance, changes in SAT match SNSR anomalies well, especially over centralsouthern China. A significant surface cooling appears over most areas of eastern China due to anthropogenic aerosol forcing alone, which is associated with largely reduced SNSR that is spatially uniform across eastern , and the zero contour is omitted for clarity. The hatched area and purple contours represent changes significant at the 90th percentile by using the t test, respectively.
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China ( Figure 3a) . In contrast, surface warming due to urban land surface forcing alone is centered over relatively smaller regions, that is, over northern and southern China (Figure 3b ). However, no large changes in SNSR can be found to significantly warm the surface over northern China; thus, increased surface sensible heat flux due to anthropogenic heat release may play an important role in this case (not shown). Meanwhile, increased SAT over southern China is in accordance with increased SNSR (Figure 3b ). Assuming that aerosol-and urban-forced SAT anomalies could be linearly combined, we would obtain a cooler surface over central China but warmer surface over northern and southern China, with corresponding SNSR changes (Figure 3c ). However, when both anthropogenic forcing factors are considered, aerosolinduced surface cooling obviously dominates the combined effect except for a relatively weaker intensity, which is associated with decreased SNSR over eastern China (Figure 3d) . Interestingly, as shown in Figure 3 e, the nonlinear response of SAT acts to reduce the sum of aerosol and urbanization effects (Figure 3c ), characterized by decreased SAT over northern and southern China, offsetting urban-forced surface warming in these regions, while there is slightly increased SAT over central China.
Such SAT change is mainly a consequence of cloud-radiation feedback process in addition to the anthropogenic forcing factors. Figure 4 shows responses of shortwave cloud forcing (SWCF) and low-cloud fraction. Anthropogenic aerosol forcing acts to increase low-cloud amount over central China (Figure 4a ), giving rise to an obviously negative SWCF that partially contributes to the relatively stronger surface cooling there (Figure 3a) . A significantly positive SWCF associated with reduced low-cloud fraction can be found over southern China in the urban cover-only experiment (Figure 4b ). Therefore, large-scale cloud-radiation feedback outside the urban area also plays an important role in dominating regional SAT change in addition to the urban land surface forcing itself. Combining Figures 4a and 4b , the linear combination of anthropogenic aerosol and urbanization effects would hypothetically lead to a much stronger negative SWCF over central China and a positive one over southern China (Figure 4c ). However, when both anthropogenic forcing factors are included in the model, responses of SWCF and low cloud in terms of the combined effect (Figure 4d ) seem much weaker than the simply linear combination. Thus, the nonlinearity acts to suppress the anthropogenic aerosol and urbanization effects, characterized by positive (negative) SWCF related to decreased (increased) low-cloud fraction over central (southern) China (Figure 4e ). In CAM5.1, cloud fraction is determined by air temperature, vertical motion ( Figure 5) , and relative humidity. Therefore, changes in SAT are not only affected by anthropogenic forcing itself but also in association with large-scale atmospheric adjustment. ) and low cloud fraction (contour; %). Contour interval is 1%, and the zero contour is omitted for clarity. Note that shortwave cloud forcing is generally negative in the atmosphere; thus, positive (negative) anomalies indicate more (less) shortwave reaching the surface.
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10.1002/2015JD024377 Figure 5 shows the vertical structure of MAM-mean anomalous atmospheric temperature with respect to NOUA. Similar to the near-surface temperature anomalies, anthropogenic aerosols primarily drive a midlower tropospheric cooling tilting northward with height over eastern China, while a warmer upper troposphere occurs over the YRV (Figure 5a ). Conversely, tropospheric warming initiated by urban land surface forcing alone can extend up to~250 hPa between~25°N and 40°N, although the warming is not significant (Figure 5b ). As such, linear responses of air temperature lead to strongly warmed troposphere above 700 hPa, while the aerosol-induced cooling is limited to low level and near surface over eastern China (Figure 5c ). Interestingly, the combined effect is quite different from the individual effects and the linear combination of them, shown as a much stronger tropospheric cooling over eastern China (Figure 5d ). When the nonlinear effect is isolated, it acts to strongly cool the middle upper troposphere and warm the lower stratosphere over 25-45°N (Figure 5e) , with an opposite sign to the linear combination of the individual effects.
Following Rodwell and Hoskins [2001] , changes of midtropospheric temperature can be diagnosed by the thermodynamic energy equation:
where T is air temperature, ⇀ V is horizontal wind, ω is vertical velocity, θ is potential temperature, and Q is diabatic heating/cooling. Also, P 0 is a reference pressure (1000 hPa) with the gas constant R and the specific heat at constant pressure C p . Note that the transient contributions are ignored because of the limitation of monthly mean model outputs. Thus, the response of air temperature is mainly determined by horizontal advection term (A), vertical advection term (B), and diabatic forcing term (C). To sidestep the difficulty with convective feedback, Figure 6 shows changes in 500 hPa thermodynamic terms. Anomalous midtropospheric warm horizontal advection clearly appears along 30°N over eastern China (Figures 6a and 6b) , which is consistent with the midtropospheric warming in this region (Figures 5a and 5b) . Thus, a similar thermodynamic adjustment is found although anthropogenic aerosol forcing and urban land surface forcing induce opposing thermal effects. In the combined forcing experiment, the warm horizontal advection over the YRV is much weaker, together with an anomalous cold advection dominating northern China (Figure 6c ), which is 
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responsible for the tropospheric cooling around 40°N (Figure 5d ). In contrast, a relatively stronger cold horizontal advection near 30-40°N is caused by nonlinear effects, in accordance with significantly decreased air temperature (Figure 5e ), acting to suppress the individual forcing-induced changes (Figure 6d ). Additionally, changes in diabatic forcing have the same sign over the YRV, including anomalous diabatic heating induced by an individual forcing alone or by a combination of the two forcing factors (Figures 6e-6g ) and diabatic cooling due to nonlinear effects (Figure 6h) . However, the spatial pattern of vertical advection anomaly is similar to that of diabatic forcing but with nearly opposite sign, indicating that term B acts to largely counteract term C; therefore, change of term A plays a dominant role in air temperature anomaly in our experiments. The zero contour is omitted for clarity. The hatched area and green contours represent changes significant at the 90th percentile by using the t test, respectively.
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Atmospheric Circulation and Rainfall
The individual forcing experiments exhibit similar changes in vertical velocity, including anomalous upward motion over the YRV (~30-35°N) and anomalous subsidence over southern (~20-25°N) and northern China (~40°N) (Figures 5a and 5b) . If the nonlinear interaction does not exist, similar intensity and structure of vertical velocity anomalies due to individual forcing would be linearly amplified ( Figure 5c) ; however, the responses to the combined forcing seem weaker than those to either individual forcing (although the spatial pattern remains unchanged) (Figure 5d ). Thus, the nonlinear effects must have produced opposite responses to go against the individual forcing effects, characterized by anomalous subsidence over the YRV and enhanced upward motion over southern China (Figure 5e ). To understand the similar responses of vertical motion to individual forcing alone, we diagnose anomalous vertical motion using the omega equation:
where ζ is relative vorticity, Φ is geopotential height, f is the Coriolis parameter, and other notations are the same as in equation (1). Specifically, from equation (2) we can obtain
According to equations (3) and (4), the warm (cold) horizontal advection produces ascent (descent) adiabatically, and diabatic heating (cooling) amplifies ascent (descent) [Sampe and Xie, 2010; Kosaka et al., 2011] . As shown in Figure 6 , anomalously warm horizontal advection (Figures 6a and 6b ) and diabatic heating (Figures 6e and 6f ) over the subtropical region favor anomalous ascent over the YRV, indicating the important role of large-scale thermodynamic feedback in anomalous vertical motion. However, in this study, of the most importance is that the nonlinear effects would generate a strong cold advection to induce anomalous subsidence near 30-35°N (Figures 5e and 6d) . The resultant diabatic cooling (Figure 6h ), in turn, helps to maintain this descent, and the opposite is found over southern China. These vertical motions and diabatic forcing form a feedback loop. The diagnosis of anomalous vertical motion signifies that large-scale thermodynamic feedback goes beyond local circulation changes induced by anthropogenic forcing. 
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10.1002/2015JD024377 Figure 7 shows the MAM-mean changes in 850 hPa wind as well as rainfall. An anomalous cyclonic circulation evidently appears along the YRV over central China due to anthropogenic aerosols, forming northeasterly wind anomalies to the north of the YRV and westerly wind anomalies to the south, together with weakened southwesterly wind over the northern South China Sea (SCS) (Figure 7a ). When only urban land surface forcing is prescribed, a prominent anomalous anticyclone is formed over the southeast coast of China; significant southwesterly wind anomalies dominate southern China and tend to intensify the prevailing southwesterly over this region (Figure 7b ). When the aerosol-and urban-induced changes are linearly combined, a clear dipole pattern of wind anomaly is found over eastern China, characterized by an anomalous cyclone over the YRV and an anticyclone to the south (Figure 7c ). However, the combined effect is weakened with respect to the linear combination and is controlled by the aerosol effect in eastern China. When both forcing factors are considered, northerly wind anomalies occur to the north of the YRV, while westerly wind anomalies appear to the south (Figure 7d ). In addition, anticyclonic shear is seen clearly over the southeast side of the Tibet Plateau in all three forcing experiments, together with anomalous easterly wind extending from the western Pacific Ocean to the Indo-China Peninsula (Figures 7a-7d ). In terms of nonlinear aspects, prominent northeasterly wind anomalies appear over southern China, weakening the prevailing southwesterly wind during the boreal spring in this region, while significant anomalous westerly wind is seen over the northern SCS, producing an anomalous cyclonic circulation to offset the anticyclonic circulation due to urban land surface forcing alone (Figure 7e ).
Changes in spring rainfall derived from the aerosol and combined forcing experiments share many similar features, including a C-shaped band of suppressed spring rainfall over eastern China and slightly enhanced spring rainfall along the YRV near 30°N, which is associated with the cyclonic circulation anomalies there (Figures 7a and 7d ). In addition, the weakened southwesterly wind to the southeast side of the Tibet Plateau also contributes to the reduced rainfall over southern China. Due to enhanced southwesterly wind, the spatial distribution of urban-forced rainfall changes approximatively displays a dipole pattern over eastern China, with positive rainfall anomalies over the YRV and negative rainfall anomalies over southeastern China (Figure 7b ). Moreover, enhanced spring rainfall induced by individual forcing over the southern SCS to the west of the Philippines disappears in the combined forcing experiment, and rainfall anomalies seem unexpectedly weaker (Figure 7d ) rather than being linearly amplified ( Figure 7c ). As a result, the nonlinear effects play an important role in such rainfall changes. A significant reduction in spring rainfall is clearly seen over the YRV and the southern SCS, while spring rainfall along the southeast coast of China is largely increased (Figure 7e ). Such response pattern is similar to the rainfall changes induced by urban cover alone but with an opposite sign. In general, the spring rain belt is weakened and shifted northward due to individual or combined forcing while it is intensified and shifted southward by the nonlinear effects.
In comparison, rainfall anomalies correspond to changes in both vertical motion and low-level circulation, indicating that large-scale circulation adjustment plays an important role in maintaining the nonlinear effects in regional climate in this AGCM. In addition, the rainfall anomalies will in turn intensify the anomalous vertical motion via changing diabatic forcing (Figure 6 ).
Individual Forcing Effect With the Presence of Nonlinear Effect
When the nonlinear contribution is considered, anthropogenic aerosols prominently lead to a much cooler troposphere over eastern China, extending up to~250 hPa, and a warmer stratosphere, together with anomalous subsidence over northern China and ascent anomalies over southern China (Figure 8a ). In the lower troposphere, anomalous northerly wind is dominant over eastern China due to anthropogenic aerosols, accompanied by weakened and southward shifted spring rain belt (Figure 8b ). These results are quite consistent with the findings of atmospheric responses of East Asian spring climate to aerosols Hu and Liu, 2013; Deng et al., 2014] .
Urban warming is limited to lower troposphere in eastern China, while a pronounced cooling appears in the middle upper troposphere (Figure 8c) , which is quite different from the pattern without nonlinearity (Figure 5  b) . Nonlinearity-related anomalous subsidence to the north of the YRV (Figure 5e ) overwhelms the ascent due to urban cover alone ( Figure 5b ) and decreases tropospheric temperature via anomalous diabatic cooling. Meanwhile, spring rainfall is slightly suppressed over 30-35°N and shifts the spring rain belt southward (Figure 8d ). However, enhanced prevailing southwesterly wind over southern China induced by urban cover
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forcing alone is no longer present in this case, and only westerly wind anomalies occur in the main urban areas, implying that urban-forced responses would be overwhelmed by the nonlinear contribution when anthropogenic aerosol forcing is prescribed. Once again, these responses to urban land surface forcing qualitatively resemble the urban-forced spring climate changes obtained using the same AGCM [Deng and Xu, 2015a] .
Discussion
Possible Mechanism Behind the Nonlinear Effects
Our results suggest that in terms of the nonlinear effects, anomalous vertical motion induced by horizontal temperature advection can subsequently change the spring rainfall and then cool the troposphere via diabatic cooling to maintain this anomalous subsidence. But how is this cold horizontal advection nonlinearly generated? And what is the possible physical mechanism behind the nonlinear effects? To address these issues, the nonlinear contribution to horizontal temperature advection is further mathematically analyzed (see the Appendix A). It is demonstrated that the nonlinear contribution to horizontal advection is composed of two parts: one is the nonlinear interaction between the aerosol-and urban-induced changes (Figure 9a ) and the other the nonlinear feedback process (Figure 9b ). When both anthropogenic forcing factors are combined, their interaction would additionally induce anomalous tropospheric cold advection to the north of the YRV, which benefits anomalous subsidence. From the nonlinear feedback perspective, the anomalous cold advection is strengthened to enhance the anomalous descent in the north, while an anomalous warm advection is excited to produce anomalous ascent stretching from southern China to the western Pacific Ocean. The hatched area and purple contours represent changes significant at the 90th percentile by using the t test, respectively. Note that only wind anomalies significant at the 90th percentile are plotted.
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In our view, nonlinear responses of the East Asian spring climate due to the coexistence of anthropogenic aerosol and urban land surface forcing can be explained by the following physical mechanism. When both forcing factors are considered, wind and temperature anomalies due to different forcing factors interact with each other, leading to anomalous cold horizontal advection that induces anomalous subsidence. Meanwhile, anomalous warm advection, resulting from nonlinear feedback, produces anomalous ascent that favors cyclonic circulation anomaly at the low level and excessive rainfall over southern China. Due to the weakened southwesterly and anomalous descent, spring rainfall is suppressed over the YRV and the associated diabatic cooling acts to decrease the tropospheric temperature and benefits this anomalous subsidence, forming a positive feedback loop. Note that the nonlinear effects and possible physical mechanism analyzed in this study are based on an equilibrium state, which is a consequence resulted from the nonlinear interaction, large-scale thermodynamic/dynamic adjustment and atmospheric feedback processes. It is, however, difficult to track how exactly the two anthropogenic forcing factors initiate the nonlinear perturbation and cause the subsequent feedbacks in the model. This important issue needs to be explored in future.
Nonlinear Effects in 2.5 × EXPT and CAM5.1-SOM Experiments
To confirm the nonlinear effects and explore possible uncertain responses of low-level circulation and rainfall, we performed an additional set of simulations with enhanced anthropogenic forcing (2.5 × EXPT) using the same AGCM, and we also used a coupled (CAM5.1-SOM), in which the SST is internally generated. The resultant nonlinear responses of lower tropospheric circulation and rainfall in 2.5 × EXPT exhibit similar features as those in 1 × EXPT. As shown in Figure 10a , obvious northeasterly wind anomalies over southern China act to weaken the prevailing southwesterly wind there. Meanwhile, reduced rainfall over the YRV and enhanced rainfall over southern China shift the spring rain belt southward. The spatial patterns over the region (105-122.5°E, 20-45°N) are highly correlated with those in 1 × EXPT, with a correlation coefficient of 0.61, 0.76, and 0.72 for 850 hPa zonal wind, meridional wind, and rainfall fields, respectively. On the whole, nonlinear responses of East Asian spring climate are spatially coherent over eastern China in 1 × EXPT and 2.5 × EXPT. These consistent results give us more confidence in the nonlinear impact on the spring climate due to coexisting anthropogenic aerosol and urban land surface forcing. Furthermore, ocean responses (which are slow responses) to anthropogenic forcing would in turn cause further atmospheric changes [Ganguly et al., 2012; Xie et al., 2013] , initiating a coupled adjustment. Considering this feedback process, we show that the nonlinear effects can be evidently detected over eastern China in a simple oceanatmosphere coupled model. Compared to Figure 7e , the spatial pattern of rainfall changes due to the nonlinear component appears a little to the north in CAM5.1-SOM, characterized by suppressed rainfall over northern China and enhanced rainfall over southeastern China, which is associated with enhanced southwesterly wind from the Indo-China Peninsula to southern China (Figure 10b) . Therefore, the nonlinear responses in the CAM5.1-SOM experiment, involving the oceanic feedbacks, are somewhat different from those in 1 × EXPT. It was reported that rainfall responses to anthropogenic forcing presented in oceanatmosphere coupled models show distinct features from those in the stand-alone AGCMs [Chung et al., 2002; Wang et al., 2005; Ma et al., 2012; Xu et al., 2015] . As a result, further investigation is needed to explore how the ocean-atmosphere coupling effect modulates fast responses to the nonlinear interaction seen in 1 × EXPT.
Note that uncertain responses in low-level circulation and rainfall in 2.5 × EXPT and CAM5.1-SOM experiments may be attributable to (1) internal variability intrinsic to the atmosphere and (2) thermodynamically and dynamically forced variability. Deser et al. [2012] suggested that uncertainty in the simulated climate response to the external forcing comes from the internal atmospheric variability and that low-frequency variability due to thermodynamic and dynamic coupling between the atmosphere and ocean also contributes to uncertain climate signals [Frankignoul and Hasselmann, 1977; Deser et al., 2003] . On the other hand, externally forced dynamic responses, including a suite of circulation-related changes, also exert influences on the large-scale circulation [Kutzbach, 1981; Robock and Mao, 1992; Shindell et al., 2001] . Chen et al. [2015] pointed out that urban-forced monsoonal responses might be closely related to internal feedbacks and dynamic atmospheric adjustment, in addition to the direct thermal forcing. Thus, human-induced climate changes, in some sense, are not always linearly correlated with the intensity of external forcing, in which case both internal variability and dynamic adjustment may contribute to uncertain responses. Besides, the results presented in this study may be model specific, so we suggest to use multimodel ensemble simulations to largely reduce the model-to-model variability, together with a finer spatial resolution to more realistically simulate human-induced changes.
Summary
This study examined impacts of anthropogenic aerosol and urban land surface forcing over eastern China, which have opposing thermal effects on East Asian spring climate. Our focus was on the nonlinear aspects of their impacts. Toward this goal, a series of numerical experiments were performed using CAM5.1 coupled with CLM4, forced by anthropogenic aerosol emission only, by urban land surface forcing only, and by a combination of the two prescribed in eastern China, respectively.
In association with anomalous surface net shortwave radiation related to changes of shortwave cloud forcing, anthropogenic aerosols produced cooler surface, while urban forcing made the surface warmer over northern and southern China. However, both forcing factors resulted in anomalous warm horizontal advection through large-scale atmospheric adjustment to adiabatically warm the troposphere and resultantly induce anomalous upward motion over the YRV. In the lower troposphere, an anomalous cyclonic circulation occurred north of 30°N due to anthropogenic aerosols, while the southwesterly wind over southern China was strengthened by urban cover. Due to anomalous vertical flow and low-level circulation, obvious C-shaped negative rainfall anomalies were found in eastern China due to anthropogenic aerosols alone, together with slightly enhanced rainfall along the YRV, and urban land surface forcing led to a suppressed spring rainfall over southeastern China and an enhanced spring rainfall over the YRV. Interestingly, similar spatial patterns of atmospheric responses were found in the anthropogenic aerosol forcing and combined forcing experiments. These results suggest that anthropogenic forcing favored a weakened and northward shifted spring rainfall.
When the nonlinear effects due to the two forcing factors were isolated, they appeared to be different from any effects due to an individual forcing and opposite to the urbanization effect. The nonlinear interaction between individual forcing-induced changes as well as subsequent nonlinear feedbacks was responsible for the nonlinear contribution to climate responses. Anomalous cold horizontal advection could be nonlinearly triggered by the interaction to induce anomalous subsidence, while nonlinear feedbacks indirectly led to anomalous ascent over southern China via anomalous warm advection, forming a cyclonic circulation anomaly in the lower troposphere and enhancing the spring rainfall in that region. In addition, spring rainfall was conversely suppressed over the YRV due to the weakened southwesterly and anomalous descent. The resultant diabatic cooling, together with anomalous cold advection, acts to decrease the tropospheric temperature and maintain this anomalous subsidence, which in turn further cooled the troposphere over eastern China, forming a positive feedback loop. Thus, the nonlinear effects reduced rainfall over the YRV and enhanced rainfall along the southeast coast of China, shifting the spring rain belt southward.
Appendix A: Analysis of Nonlinear Contribution to Horizontal Temperature Advection
Based on monthly mean model outputs, horizontal temperature advection in the reference (NOUA) and anthropogenic aerosol forcing (AERO) experiments are computed by
where the subscripts indicate the corresponding experiments. Then, ⇀ V AERO and T AERO can be divided into two parts,
where the prime signifies the anomalies with respect to NOUA due to anthropogenic aerosol forcing. Therefore,
Subtracting (A1) from (A5b), change of horizontal advection due to anthropogenic aerosol forcing (ΔTadv AERO ) can be obtained by
Similarly, we have also
According to the definition of nonlinear effect in section 2.4, we further modify (A8) to obtain
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Then, equation (A9) may be expanded and rearranged to give
From (A6), (A7), and (A10), we obtain 
where
As for equation (A11), the linear combination of anthropogenic aerosol and urbanization effects is included in term A (linear term), while the nonlinear contribution to horizontal advection (Figure 6d ) is composed of two parts (terms B and C). Term B is deemed as nonlinear interaction between these two anthropogenic forcing factors (Figure 9a ) because only aerosol-and urban-forced changes are involved. The residual term C includes nonlinear changes of the atmosphere (i.e., ⇀ V ′ Nonlinear and T ′ Nonlinear ) and is therefore regarded as the nonlinear feedback processes (Figure 9b ).
